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Abstract Plasmodium yoelii infection caused significant
decline in the hepatic and splenic glutathione content
and the activities of the key enzymes, that is, glutamate
cysteine ligase (EC 6.3.2.2) and glutathione reductase
(EC 1.8.1.7) of their murine host, that is, Swiss albino
mice. Methylene blue as well as menadione were found
to restore these constituents when given to P. yoelii-in-
fected mice at the dose levels of 2.5 and 100 mg/kg,
respectively, compared to mefloquine which does the
same at 5.0 mg/kg dose. Methylene blue, like mefloquine
also caused a rapid decline in percent parasitaemia,
whereas menadione caused a delay in maturation of the
infection, but could not cure the mice.

Abbreviations GSH: Glutathione Æ GCL: Glutamate
cysteine ligase Æ GR: Glutathione reductase Æ Mf:
Mefloquine Æ MB: Methylene blue Æ Md: Menadione

Introduction

Intracellular parasites, such as the malaria, require a
highly efficient thiol metabolism to protect themselves
from intracellular reactive oxygen species (ROS) and
their derivatives (Docampo and Moreno 1984). This
implies that they are highly susceptible to oxidative
stress and this sensitivity is a promising target for
drug action (Hunt and Stocker 1990; Schirmer et al.

1987). The role of oxidative stress as an important
mechanism for the destruction of parasites and tu-
mour cells is particularly well illustrated by many
congenital and acquired factors that generate oxidative
stress in human erythrocytes and offer partial protec-
tion against malaria (Hunt and Stocker 1990). Gluta-
thione (GSH) is the central constituent of the
collective antioxidant defenses in a cell, and plays an
important role in the detoxification of electrophiles
and maintaining the redox balance of the parasite and
host–parasite interaction. Strategies for pharmacologi-
cally maintaining or increasing tissue GSH levels have
received considerable interest in recent years in many
of the diseases including malaria. Epidemiological,
clinical observations and experimental evidences sug-
gest that malarial parasites are more sensitive to oxi-
dative stress than their host cells (Hunt and Stocker
1990; Golenser et al. 1991). The potential importance
of the host cell GSH system for the survival of blood
stage Plasmodia forms, has been discussed for decades
(Ginsburg and Atamna 1994).

Since GSH of malarial parasites has been consid-
ered to be a drug target, it is therefore equally
important to assess the modulation in the levels of the
enzymes involved in GSH homeostasis of the affected
host’s tissues, that is, glutamate cysteine ligase (GCL)
and glutathione reductase (GR). Methylene blue (MB),
the first chemotherapeutic agent to be successfully
used in humans (Vennerstrom et al. 1995), is known
to interfere with the GSH metabolism of malaria-
parasitised erythrocytes (Kelner and Alexander 1985).
Menadione (Md), on the other hand, is a quinone-
containing compound that has been utilized generally
as a model for studies of oxidative damage. The
present study describes the alteration in GSH content
and the activities of the two key enzymes, that is,
GCL and GR in hepatic and splenic tissues of Plas-
modium yoelii nigeriensis-infected mice and their res-
toration after the treatment with MB and Md, and the
results are compared with the standard antimalarial
agent Mf.
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Materials and methods

Chemicals

Tris, phosphoenol pyruvate, sodium L-glutamate, L-a-
aminobutyric acid, sodium EDTA, b-nicotinamide ade-
nine dinucleotide (reduced), adenosine-triphosphate,
mefloquine, menadione sodium bisulphite, methylene
blue, saponin, BSA and PMSF were purchased from
Sigma Chemical Co., USA. Oxidised and reduced GSH,
b-nicotinamide adenine dinucleotide phosphate (re-
duced), Folin Ciocaltaeu’s phenol reagent, pyruvate ki-
nase and lactate dehydrogenase were purchased from
Sisco Research Laboratories, Mumbai, India. Giemsa
stain was from Qualigens India Ltd. All other chemicals
used were of analytical grade.

Plasmodium yoelii nigeriensis infection in Swiss albino
mice

A derived multidrug resistant strain of rodent malaria
parasites P. yoelii nigeriensis (MDR) has been employed
for enzymic as well as chemotherapeutic studies. In vivo
maintenance of P. yoelii nigeriensis were carried out
using Swiss albino mice (Mus musculus, out-bred strain).
The animals were housed in plastic cages with proper
care according to the guidelines of our institutional
animal house ethics committee; under standard labora-
tory conditions of temperature (22±1�C), humidity (50–
60%) and maintained on commercially available pellet
diet supplemented with soaked grains. Water was pro-
vided ad libitum. Breeding colonies of animals were
maintained under specific pathogen free (SPF) environ-
ment in standard housing condition. The laboratory
isolates of P. yoelii were routinely maintained by serial
blood passage in mice. For this, the infected blood from
donor mice was collected through cardiac puncture and
appropriately diluted with anticoagulant (sterile acid
citrate dextrose, ACD: dextrose anhydrous (24.5 g), ci-
tric acid monohydrate (7.5 g), sodium citrate dihydrate
(22.0 g) in 1 l triple distilled water) so as to obtain nearly
2·107 parasitised RBCs/ml of diluted sample. The re-
cipient mice were inoculated with parasite by intraperi-
toneal passage of 0.5 ml volume. The course of
parasitaemia was monitored daily by microscopic
examination of Giemsa-stained thin blood smears.

Measurement of GSH content, GCL and GR levels in
liver and spleen of mice infected with P. yoelii nigeriensis

Mice were divided into five groups, namely, normal
(uninfected) control, infected (pymdr) control, mefloq-
uine (Mf) treated, menadione (Md) treated and methy-
lene blue (MB) treated. The drugs were pulverized to fine
powder and a fine suspension of each was made in dis-
tilled water. The treatment groups were administered

Mf, Md and MB (i.p.) at doses of 5.0, 100 and 2.5 mg/
kg, respectively, twice daily from day 1 post-infection.
Parasitaemia was monitored day 3 onwards in all the
infected groups.

Three mice from each of the earlier-mentioned groups
were sacrificed by cervical dislocation on day 4, and liver
and spleen excised, perfused and homogenized in ice-
cold buffered KCl (150 mM KCl, 50 mM Na2HPO4/
KH2PO4, pH 7.4) using a Potter Elvehjem homogenizer
fitted with a teflon pestle. For GSH measurement, the
homogenate was prepared in sulfosalicylic acid. The
homogenate was then subjected to subcellular fraction-
ation. For the goal, the homogenate was centrifuged at
1,000 g for 15 min, 10,000 g for 30 min, and subse-
quently at 100,000 g for 60 min to obtain mitochondrial,
post-mitochondrial and cytosolic fractions, respectively.
The post-mitochondrial and cytosolic fractions were
saved at 4�C and used as the source of GSH and the
enzymes GCL and GR, respectively.

GSH was measured by a spectrophotometric method
based on the reductive cleavage of DTNB. Different
aliquots were mixed with 800 ll of 0.1 M potassium
phosphate buffer (pH 8.0) containing 1 mM EDTA, and
50 ll of DTNB (1 mg/ml). The absorbance of the
resultant yellow colour was measured at 410 nm.

GCL activity was determined following a coupled
enzyme procedure, in which the rate of ADP formation
in the presence of pyruvate kinase, LDH, PEP and
NADH is obtained from the decrease in absorbance of
NADH at 340 nm (Seelig and Meister 1985). Enzyme
activity was monitored at 37�C using a Shimadzu double
beam UV spectrophotometer in reaction mixtures (final
volume 1.0 ml) containing 100 mM Tris–HCl buffer;
pH 8.4, 150 mM KCl, 0.5 mM acivicin, 5 mM ATP,
2 mM PEP, 10 mM L-glutamate, 10 mM L-a-amino-
butyrate, 20 mM MgCl2, 2 mM Na2EDTA, 0.2 mM
NADH, 1.6 lg/ll pyruvate kinase and 1.6 lg/ll lactate
dehydrogenase. L-a-Aminobutyrate was used as the
amino acid acceptor rather than L-cysteine because of
the marked tendency of the latter amino acid to undergo
spontaneous oxidation to the disulphide. Reaction was
initiated by the addition of enzyme protein. The absor-
bance at 340 nm was monitored for 5 min at 30 s
intervals.

GR activity was determined by the method described
by Carlberg and Mannervik (1985). All enzyme kinetics
experiments were carried out at room temperature
(37�C) using a Shimadzu double beam UV spectropho-
tometer. Enzyme activity was spectrophotometrically
monitored from the rate of conversion of NADPH to
NADP (e340=6.2 mM�1 cm�1). For each assay, the
absorbance of NADPH in the reaction mixture was
measured over a period of 5 min. Assays were carried
out in 1 ml of the following solution: 100 mM potassium
phosphate buffer, pH 7.0; 1 mM EDTA; 1 mM GSSG;
0.2 mM NADPH and enzyme protein. Enzyme aliquots
were preincubated in the presence of NADPH for 5 min
in order to trace the non-enzymatic oxidation, after
which GSSG was added to start the reaction. To correct
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for non-specific oxidation of NADPH, the blank cuvette
contained all the assay components except GSSG.

A unit of enzyme activity was expressed as the
amount that catalyses the consumption of 1 lmol of
substrate per minute, using a molar extinction coefficient
of 6.2 mM�1 cm�1 for NADH/NADPH. Protein was
estimated in the crude homogenate/sub-cellular fractions
following the method of Lowry et al. (1951) using BSA
as standard. The percent protection offered by the drugs
was calculated.

Statistical analysis

In animal experimentation, the results were expressed in
terms of mean±standard deviation (SD). Groups were
compared by one-way analysis of variance (ANOVA)
using prism software. Significance differences were set at
P<0.05, P<0.005 and P<0.001, respectively.

Results

Swiss albino mice were infected with P. yoelii nigeriensis
and the percentage infection or parasitaemia was
ascertained as described in Materials and methods.
Figure 1a is a depiction of the rise in parasitaemia (P.
yoelii) and percent mortality of mice with time in the
infected control mice. A progressive increase in percent
parasitaemia was obtained, with a maximum of 44%
parasitaemia by day 8. The percent mortality was found
to be maximum by day 10 (75%).

Figure 1b shows the effect of Mf, Md and MB
treatment on percent parasitaemia in P. yoelii-infected
mice. Results obtained show that Mf cured the para-
sitaemia of mice by the 6th day. On the other hand, MB
did not allow parasitaemia to mature beyond 6%, and
cured the mice by the 6th day, while Md caused a delay
in maturation of infection, but could not cure the mice.

Hepatic and splenic GSH levels and GCL and GR
activity profile during P. yoelii infection in Swiss mice
has been shown in Figs. 2, 3 and 4. The results obtained

show that the activity of GCL and GR in all cases de-
creased with rise in parasitaemia. Mf, Md and MB
treatment caused restoration of the levels of the two
enzymes. Mf caused 100% protection on both hepatic
and splenic GCL and GR activities. Md, on the other
hand, protected hepatic GCL by 97.9% and all others by
about 100%. MB caused protection to the tune of 25
and 31% on hepatic and splenic GCL, respectively, and
100 and 69.6% on hepatic and splenic GCL, respec-
tively.

Mf offered 50–100% and 35–100% protection on
hepatic and splenic GSH levels of P. yoelii infected mice,
while Md caused 73.44% protection on hepatic GSH
levels and 100% protection on splenic GSH levels. MB
protected hepatic and splenic GSH levels by 80.4 and
90.7%, respectively.

Discussion

The present study indicates that P. yoelii nigeriensis
infection causes a decrease in the hepatic and splenic
GSH levels and both GCL and GR activities as com-
pared to the normal tissues. Mefloquine (Mf), a quino-
line methanol derivative is related structurally to
quinine. The compound was found effective against
malaria, resistant to other forms of treatment when first
introduced and because of its long half-life was a good
prophylactic, but widespread resistance has now devel-
oped against Mf alone. It is now being used in combi-
nation with other drugs like artemesins. Mf is known to
block the degradation of heme in aqueous solution by
GSH (Famin et al. 1999). In the present study, Mf cured
the mice of infection and its treatment also caused a
restoration in the levels of GSH as well as that of both
GCL and GR.

Menadione (2-methyl-1,4-naphthoquinone, vitamin
K, Md) is a quinone-containing compound that has been
utilized generally as a model for studies of oxidative
damage. Md may cause a decrease in intracellular GSH
level by three different mechanisms (DiMonte et al.
1984). First, by oxidation of GSH to GSSG; during the

Fig. 1 Graphs showing a rise in
parasitaemia and mortality with
time in normal uninfected mice,
and b effect of mefloquine,
menadione and methylene blue
treatment on parasitaemia in P.
yoelii infected mice. Dose:
mefloquine 5 mg/kg,
menadione 100 mg/kg,
methylene blue 2.5 mg/kg
intraperitoneally, twice, daily
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one-electron reduction of Md to the semiquinone radi-
cal, and its subsequent reoxidation by oxygen as well as
by the direct interaction of Md with intracellular thiols,
{O2•� is produced. Dismutation of {O2•� yields H2O2,
which can be further metabolised to H2O by the GPx

system at the expense of GSH (Wendel 1981). Most of
the depletion is through this mechanism. Second, by the
formation of GSH–Md conjugate. Md is conjugated
with GSH to yield 2-methyl-3- S-glutathionyl-1,4-
naphthoquinone (thiodione) (Akerboom et al. 1988;

Fig. 2 Hepatic (a, b) and
splenic (c, d) GSH levels of P.
yoelii mdr infected Swiss albino
mice after mefloquine and
menadione/methylene blue
treatment. Values are mean ±
SD of three separate
observations; P<0.05 with
respect to normal. IC, infected
control; Mf, mefloquine treated;
Md, menadione treated; MB,
methylene blue treated

Fig. 3 Hepatic (a, b) and
splenic (c, d) GCL activity
profile of P. yoelii mdr infected
Swiss albino mice after
mefloquine and menadione/
methylene blue treatment.
Values are mean ± SD of three
separate observations; P<0.05
with respect to normal. IC,
infected control; Mf,
mefloquine treated; Md,
menadione treated; MB,
methylene blue treated
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Nickerson et al. 1963). Third, GSH–protein mixed di-
sulphides are also formed as a result of Md metabolism.

Menadione has been used for various clinical pur-
poses to prevent vitamin K deficiencies, myopathies and
to treat malaria (Meister 1991; Gasser 1959; Eleff et al.
1984; Lopez-Shirley et al. 1994). Treatment with this
compound caused a restoration in the levels of GSH as
well as that of the two enzymes in the present investi-
gation. It caused a delay in infection maturation, but
could not cure the mice completely.

Methylene blue (MB), an antimalarial compound, the
first chemotherapeutic agent to be successfully used in
humans (Vennerstrom et al. 1995) is known to interfere
with the GSH metabolism of parasitised erythrocytes
(Kelner and Alexander 1985). P. falciparum GR, which
has emerged as a drug target against tropical malaria,
can be inhibited by the antimalarial drug MB (Färber
et al. 1998). MB stimulates the oxidation of GSH in
RBCs in vitro and in vivo. This oxidation has been
attributed to hydrogen peroxide that is generated from
the auto oxidation of leukomethylene blue arising from
the reduction of MB by NADPH. The reducing power

of MB appears to be derived from its reaction with
NADPH because MB therapy is ineffective in patients
with glucose-6-phosphate dehydrogenase deficiency, the
enzyme which is the primary source of NADPH in the
red blood cell. In addition, decreases in GSH have been
noted after MB administration (Goldstein 1974; Harvey
and Keitt 1983) in vivo and after the in vitro incubation
of RBCs with MB (Jacob and Jandl 1966). This GSH
decrease has been attributed to competition of MB with
GSSG for NADPH thereby inhibiting the conversion of
GSSG to GSH and the oxidation of GSH by hydrogen
peroxide that is generated from NADPH, MB, and
oxygen (Harvey and Keitt 1983; Jacob and Jandl 1966).
Standard redox potentials (White et al. 1978) indicate
that MB may directly oxidize GSH. In general, the
mechanism of action of MB appears to be an activation
of otherwise dormant NADPH linked reductase system
in red cell. MB treatment restored the GSH levels as well
as GCL and GR activities and also cured the mice of
parasitaemia.

Oxidant stress is often invoked as a mechanism for
the inhibition of malarial parasite growth in vivo. The

Fig. 4 Hepatic (a, b) and
splenic (c, d) GR activity profile
of P. yoelii mdr infected Swiss
albino mice after mefloquine
and menadione/methylene blue
treatment. Values are mean ±
SD of three separate
observations; P<0.05 with
respect to normal. IC, infected
control; Mf, mefloquine treated;
Md, menadione treated; MB,
methylene blue treated

Fig. 5 Chemical formulae of a
mefloquine, b menadione, c
methylene blue
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depletion of reduced GSH, a protective substance that is
also a cofactor in some enzymatic processes, may result
in cell injury and parasite death (Fairfield et al. 1983;
Roth et al. 1984). MB and Md treatment imposed oxi-
dant stress upon the malaria parasite, thus causing a
decline in the percent parasitaemia in these groups.

Therefore, it can be concluded that malaria infection
can depress the hepatic and splenic GSH levels and GCL
and GR functions, and that these are normalized within
a week after treatment with the antimalarials mefloqu-
ine, methylene blue and menadione. Also, mefloquine
and methylene blue were successful in curing the mice,
causing a rapid decline in percent parasitaemia, while
menadione caused a delay in maturation of infection,
but could not cure the mice.
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